Past studies of the climatic behavior of water on Mars have universally assumed that the atmosphere is the sole pathway available for volatile exchange between the planet's crustal and polar reservoirs of H20. However, if the planetary inventory of outgassed H20 exceeds the pore volume of the cryosphere by more than a few percent, then a subpermafrost groundwater system of global extent will necessarily result. The existence of such a system raises the possibility that subsurface transport may complement long-term atmospheric exchange. In this paper, the hydrologic response of a water-rich Mars to climate change and to the physical and thermal evolution of its crust is considered. The analysis assumes that the atmospheric leg of the planet's long-term hydrologic cycle is reasonably described by current models of insolation-driven exchange. Under the climatic conditions that have apparently prevailed throughout most of Martian geologic history, the thermal instability of ground ice at low-to mid-latitudes has led to a net atmospheric transport of H20 from the "hot" equatorial region to the colder poles. Theoretical arguments and various lines of morphologic evidence suggest that this poleward flux of H20 has been episodically augmented by additional releases of water resulting from impacts, catastrophic floods, and volcanism. Given an initially icesaturated cryosphere, the deposition of material at the poles (or any other location on the planet's surface) will result in a situation where the local equilibrium depth to the melting isotherm has been exceeded, melting ice at the base of the cryosphere until thermodynamic equilibrium is once again established. The downward percolation of basal meltwater into the global aquifer will result in the rise of the local water table in the form of a groundwater mound.
INTRODUCTION
Virtually all past studies of the climatic behavior of water on Mars have focused on the potential for insolation-driven exchange between the regolith, atmosphere, and polar caps [e.g., Leighton and Murray, 1966; Toon et al., 1980; Fanale et al., 1982 Fanale et al., , 1986 . Implicit in this work has been the assumption that the atmosphere is the sole pathway available for volatile exchange. However, if the planetary inventory of outgassed H20 exceeds by more than a few percent the quantity required to saturate the pore volume of the cryosphere (that region of the crust where the temperature remains continuously below the freezing point of water), then a subpermafrost groundwater system of global extent will necessarily result. As discussed by Clifford [198 lb, 1984] , the existence of such a system may have played a critical role in the long-term climatic cycling of water on Mars.
This paper examines the potential hydrologic response of a water-rich Mars to both climate change and to the physical and thermal evolution of its crust. It is based on the ad hoc assumption that Mars possesses a global inventory of water sufficient to both saturate the pore volume of the cryosphere and create a groundwater system of global extent. Evidence for such a large inventory is provided by a long list of Martian landforms whose morphology has been attributed to the existence of subsurface volatiles [Rossbacher and Judson, 1981; Carr, 1986 Carr, , 1987 Squyres, 1989 ]. In particular, it is supported by the existence of the outflow channels, whose distribution, size, and range of ages, suggests that a significant body of groundwater has been present on Mars throughout much of its geologic history [Baker, 1982; Tanaka, 1986; Tanaka and Scott, 1986; Carr, 1986 Carr, , 1987 ; Mouginis-Mark, 1990; Baker et al., 1992] . Based on a conservative estimate of the discharge required to erode the channels, and the likely extent of their original source region, Carr [1986, 1987] estimates that Mars may possess a crustal inventory of water equivalent to a global ocean 0.5-1 km deep.
Under the climatic conditions that have apparently prevailed on Mars throughout most of its geologic history, ground ice is unstable with respect to the water vapor content of the atmosphere at latitudes equatorward of +40 ø [Toon et al., 1980; Clifford and Hillel, 1983; Fanale et al., 1986] . As a result, the inventory of equatorial ground ice is thought to have experienced a steady decline. Because the cold polar regions are the dominant thermodynamic sink for any H20 released to the atmosphere, there is a preferential transfer of H20 from the comparatively 'Not" equatorial region to the colder poles. Theoretical arguments and various lines of morphologic evidence suggest that this poleward flux of H20 has been augmented throughout the planet's history by additional releases of water resulting from impacts, catastrophic floods, and volcanism. The subsequent deposition of dust and H20 at the poles will ultimately result in a situation where the thermal equilibrium depth to the melting isotherm has been exceeded. In response to this deposition, melting will begin and continue at the base of the polar cryosphere until thermal equimeltwater beneath the polar caps will then result in the rise of the local water table in the form of a groundwater mound. Given geologically reasonable values of crustal permeability, the gradient in hydraulic head created by the presence of the mound will then drive the flow of groundwater away from the poles and towards the equator. At equatorial and temperate latitudes, the presence of a geothermal gradient will result in the local discharge of the system as water vapor is thermally pumped from the higher temperature (higher vapor pressure) depths to the colder (lower vapor pressure) near-surface crust. In this fashion, much of the ground ice and groundwater that has been removed from the crust by impacts, catastrophic floods, and long-term sublimation, may ultimately be replenished.
Various aspects of this model, including the inherent instability of equatorial ground ice [Clifford and Hillel, 1983] , and polar basal melting [Clifford, 1987b] , have been discussed in detail elsewhere. The focus of this paper will therefore be on those aspects of the hydrologic response of Mars to climate change that have so far received little or no attention, with particular emphasis on the potential role of subsurface transport. Among the topics discussed are the thermal and hydrologic properties of the crust, the potential distribution of ground ice and groundwater, the stability and replenishment of equatorial ground ice, basal melting and the polar mass balance, the thermal evolution of the early cryosphere, the recharge of the valley networks and outflow channels, and a review of several processes that are likely to drive the large-scale vertical and horizontal transport of H20 within the crust. Throughout this discussion it is assumed that the atmospheric leg of the long-term hydrologic cycle is reasonably described by current models of insolation-driven exchange [Toon et al. 1980; Fanale et al. 1982 Fanale et al. , 1986 . Therefore, this paper will emphasize the geologic requirements and actual physics of subsurface flow.
Finally, it should be stressed again that this is a theoretical analysis, one whose scope is purposely restricted to consideration of the hydrologic evolution of a water-rich Mars. For this reason, no attempt has been made to conclusively demonstrate that Mars is indeed water-rich, or that it possesses an inventory of water sufficiently large to form a groundwater system of global extent. Rather, the volume of water required to satisfy this condition is estimated and its potential hydrologic consequences explored. The results of this analysis suggest that, given a geologically reasonable description of the physical properties of the planet's crust and an inventory of water that exceeds the pore volume of the cryosphere by as little as a few percent, the hydrologic model described here will naturally evolve. If so, subsurface transport has likely played an important role in the geomorphic evolution [Soderblom and Wennet, 1978] , as the interior of the planet gradually cooled, a fleezing-front developed within the crust that propagated downward with time [Cart, 1979] (see also section 6.2). If the total pore volume of this frozen region grew to exceed the planetary inventory of water, then eventually all of the water on Mars should have been cold-trapped within the frozen near-surface crust [Soderblom and Wennet, 1978] . Alternatively, if the pore volume of this region is less than the planetary inventory of outgassed water (defined here as the sum total of chemically unbound water present in the planet's atmosphere, on its surface, or within its crust), then the excess H20 should have resulted in the formation of extensive bodies of subpermafrost groundwater [Clifford, 1981 [Clifford, b, 1984 . The fate and duration of groundwater on Mars is therefore critically dependent on both the size of the planetary inventory of H20 and total pore volume of the frozen crust.
Thermal Structure
The Martian cryosphere is defined as that region of the crust where the temperature remains continuously below the freezing point of water (Figure 3) [Fanale, 1976; Rossbacher and Judson, 1981; Kuzmin, 1983] . If we assume a solute-free freezing point of 273 K, then at the surface this condition is satisfied at every latitude below the diurnal skin depth, thus defining the cryosphere's upper bound. However, because neither the magnitude of the Martian geothermal heat flux nor the thermal conductivity of the:' crust are known, the depth to the lower bound of the cryosphere is considerably less certain.
The depth to the base of the cryosphere can be calculated from the steady state one-dimensional heat conduction equation, where
Qg and where •c is the thermal conductivity of the crust, Trap is the melting temperature of the ground ice, Tins is the mean annual surface temperature, and Qg is the value of the geothermal heat flux [Fanale, 1976] . At present, only the current latitudinal range of mean annual surface temperature is known to any accuracy (-154-218 K +5 K), while the remaining variables have associated uncertainties of 20-50%. Plausible ranges for each of these variables are discussed below.
2.2.1. Thermal conductivity. Four principal factors influence the thermal conductivity of terrestrial permafrost, they are: bulk density, degree of pore saturation, particle size, and temperature [Clifford and Fanale, 1985] . The effect of an increase in bulk density (and/or pore saturation) on the thermal conductivity of permafrost is readily understood because the conductivities of rock and ice are significantly higher than the conductivity of the air they displace. However, the effects of particle size and temperature are a bit more complicated.
Experiments NaC1 and CaCI 2 [Banin and Anderson, 1974] . Because the thermal conductivity of unfrozen water (-0.54 W m -I K -I [Penner, 1970] ) is significantly lower than that of ice (2.25 W m -l K -I at 273 K), its presence will necessarily decrease the effective thermal conductivity of silicate-ice mixtures. Since the quantity of H20 adsorbed per unit surface area is roughly constant for all mineral soils [Puri and Murari, 1963] , it follows that the conductivity of a frozen soil will be proportional to its content of high specific surface area clay. However, as the temperature of a frozen soil declines, so too does its content of adsorbed water [Anderson et al., 1967; Anderson and Tice, 1973] . This results in an increase in the soil's effective conductivity, an increase that is compounded by the strong temperature dependence of the thermal conductivity of ice, which rises from 2.25 W m -1 K -I at 273 K, to 4.42 W m -1 K -1 at 160 K [Ratcliffe, 1962] .
Although a direct measurement of the bulk thermal conductivity of the Martian megaregolith is lacking, a likely range of values can be inferred by considering terrestrial analogs. Images of If our assumptions about the structure and lithology of the outer crust are correct (i.e., Figure 1 ), then the thermal properties of the megaregolith will be most strongly influenced by basalt. If so, the data in Table 2 Figure 5 ). For completeness, maximum and minimum cryosphere depths have also been calculated by combining the appropriate limiting values of geothermal heat flow, thermal conductivity, and melting temperature. Although, the local thermal properties of the crust are likely to display a high degree of variability, on a globally averaged basis it appears unlikely that any geologically reasonable combination will result in cryosphere depths that differ by more than 50% from the values predicted by the nominal model.
By integrating the crustal porosity profile given by equation (1) from the surface down to the melting isotherm depths presented in Table 4 , the potential pore volume of the cryosphere is readily determined ( (Table 3) . Solomon and Head [1990] have noted that if Mars loses heat at the same rate per unit mass volume sufficient to store a global layer of water some 370-940m deep. For the extreme conditions represented by the minimum and maximum thermal models, the range in potential storage capacity varies from a global ocean as small as 40 m deep, to one as large as 1 400 m. Note that for the thermal conditions defined by the maximum case, the megaregolith should be frozen throughout, a condition that appears incompatible with the geomorphic evidence for abundant groundwater (i.e., the as the Earth, then it should have a mean global heat flux of outflow channels) throughout much of Martian geologic history -31 mW m -2, a figure that agrees reasonably well with the in- [Baker, 1982; Tanaka, 1986 
The Distribution of Groundwater
Thermodynamically, the primary sink for subsurface H20 on Mars is the cryosphere; however, once the pore volume of the cryosphere has been saturated with ice, any remaining water will drain to saturate the lowermost porous regions of the crust. But how deep and areally extensive will the resulting zone of saturation be? As a first approximation, Mars can be considered a perfect sphere whose porosity profile is everywhere described by equation (1). The quantity of water required to produce an aquifer of any given thickness can then be calculated by integrating the pore volume of the megaregolith between the self-compaction depth and any shallower region of the crust. For example, a quantity of water equivalent to a global layer 10 m deep is sufficient to saturate the lowermost 0.85 km of the megaregolith (Figure 6) , while a quantity of water equivalent to a 100-m layer would create a global aquifer nearly 4.3 km deep [Clifford, 1984 [Clifford, , 1987a ].
However, Mars is not a perfect sphere. Its crust has been affected by a variety of geologic processes that have created a surface of considerable heterogeneity and topographic relief. This diversity is undoubtedly reflected in the variability of a number of important hydrologic characteristics, including both the local porosity profile and the depth of self-compaction. Unfortunately without further data, the magnitude of this variation is impossi- ble to quantify. Thus, although it is clear that the local characteristics of the crust are poorly described by a single set of globally averaged values, they are the best approximation of these properties that we can presently make.
The one improvement that can be made in attempting to model the potential distribution of groundwater on Mars is to consider the effect of topography. If we assume that the local porosity profile of the crust is described everywhere by equa- Table 4 . The calculated groundwater depths assume that the groundwater is in hydrostatic equilibrium, that the local porosity prooefie of the crust is given everywhere by equation (1), and that the self-compaction depth mirrors the gross variation of surface topography at a constant depth of 10 km beneath the surface.
eral kilometers or more beneath the surface. As illustrated in Figure 7 , the differences between these controlling influences (porosity, gravity, and thermal structure) are of considerable importance in determining the state and vertical stratification of H20 within the crust. For example, beneath topographic highs, the absolute elevation of the local self-compaction depth may exceed the elevation of the global water table; thus, only nearsurface ground ice may be present in a vertical section of the crust. Beneath areas of slightly lower elevation, both ground ice and groundwater may be present; however, the vertical distances separating these regions may be substantial, leaving an intervening unsaturated zone that could be many kilometers thick. In still lower regions, the entire crustal column may be saturated with ground ice and groundwater. Indeed, in the very lowest regions, such as the interior of Hellas, the absolute elevation of the global water table may exceed that of the local topography. In such instances the ground ice layer will be under a substantial hydraulic head. As discussed by Carr [1979] , a rupture of this barrier could lead to a significant discharge of groundwater. However, such a rupture is eventually self-sealing, because as the groundwater erupts onto the surface, it will lower the local hydraulic head until it falls even with the elevation of the basin floor. At that time, the reduced discharge will permit the water-saturated regolith to refreeze at the point of breakout, until the original ground ice thickness is eventually reestablished. Figure 8a illustrates how the areal coverage of groundwater in the crustal model described above should vary as a function of the available inventory of groundwater (i.e., in excess of the H20 already stored as ground ice in the cryosphere). This relationship is seen more clearly in Plate 1, where the areal coverage of groundwater systems based on available inventories of 10 m, 100 m, and 250 m of water are superimposed on a topographic map of Mars. For the assumed crustal characteristics, the resulting aquifers underlie 34%, 91%, and 98% of the planet's surface (Figure 8a) , and possess local saturated thicknesses that range from zero to a maximum of 5 km, 10 km, and 13 km, respectively (Figure 8b ).
To summarize, this analysis suggests that once the pore volume of the cryosphere has been saturated with ice, very little additional water (-10 m) is required to produce a groundwater system of substantial extent. Indeed, given an unlikely combination of low crustal thermal conductivity, high heat flow, and large freezing point depression, a global-scale groundwater system could conceivably result from an outgassed global inventory of H20 as small as 50 m; however, for more plausible conditions, such as those described by the nominal model, a planetary inventory in excess of 400 m appears necessary.
TERRESTRIAL ANALOGS: THE OCCURRENCE OF GROUNDWATER AND THE PERMEABILITY OF THE EARTH'S CRUST
While the calculations presented in the previous section indicate that a planetary-scale groundwater system on Mars is physically possible, is it geologically reasonable? Unfortunately, a clear answer to this question is clouded by the fact that subsurface hydrology remains an inexact science even here on Earth. Much of this uncertainty is attributable to our limited knowledge of the detailed three-dimensional structure of the Earth's crust. It is also due to the subjective and often erroneous way in which this knowledge has historically been interpreted.
Until recently, terrestrial groundwater investigations were driven almost exclusively by a desire to locate easily tapped sources of water for human, industrial, and agricultural consumption. As a result, little effort was spent to characterize the nature and extent of groundwater systems whose development was perceived as economically prohibitive or whose water quality was poor. This limited perspective has contributed to a number of misconceptions about the nature of the subsurface hydrologic environment, a problem that has been further aggravated by the frequent and often uncritical use of terms like "aquifer" and "aquiclude", that lack precise definitions. For example, a water-bearing formation that may be considered an aquifer in one region (such as a desert), might well be considered an aquiclude (i.e., essentially impervious) in a region where other significantly higher-yielding formations are present [Davis and De Wiest, 1966] . The evaluation of groundwater systems by such subjective standards has led to the widespread perception that groundwater flow on Earth is restricted to shallow, local aquifers with well-defined impermeable boundaries. However, over the past 30 years, numerous detailed subsurface hydrologic investigations have clearly demonstrated the inaccuracy of this picture. In this section, some of the key findings of these investigations will be summarized, providing the necessary terrestrial background for evaluating the likelihood, potential extent, and subsequent evolution, of a global groundwater system on Mars. More direct evidence for the existence of groundwater at depth comes from deep borehole studies, such as the Russian "superdeep" research well located in the Kola Peninsula [Kozlovsky, 1982 [Kozlovsky, , 1984 . The Kola well, which is part of an extensive Russian program to study the deep structure and evolution of the continental crust, has penetrated to a depth of over 12 km. Throughout the interval of 4.5-9 km, the well encountered numerous zones of intensely fractured crystalline rock from which large flows of hot, highly mineralized water were released. These flows occurred despite confining pressures in excess of 4oo 3 kbar [Kozlovsky, 1982] [Brace, 1980] . from the surface contributes to groundwater flow in neighboring
Because of the spatial variability of fractures, the effective basins is based solely on which side of the divide the infiltration permeability of crustal rocks is critically dependent on the scale occurs. The resulting variation in hydraulic head then drives the of the sample under consideration (Figure 9 ). For example, laboratory measurements of samples several centimeters in size generally indicate only the minimum permeability of a rock mass [Brace, 1984] Although most basin aquifers are modeled as if they were hydraulically independent, virtually all are part of larger intermediate and regional groundwater flow systems (Figure 11) [Toth, 1963 [Toth, , 1978 Ambroggi, 1966 . This is because the pore geometry of a fracture is inher-of this interconnection is not often recognized because the volently more efficient at conducting a fluid per unit porosity than ume of water that participates in interbasin flow usually reprethe geometry of an intergranular pore network; thus, a rock with sents only a small fraction of a basin's total hydrologic budget. a fracture porosity of only 0.011% can have the same permeabil-Exceptions are noted when there are sizable differences in preity as a silt with a porosity of 50% [Snow, 1968] . cipitation between neighboring basins and/or the fracture permeThe pervasive nature of crustal fractures means that few, if ability of the intervening formation is high.
any, large-scale geologic formations can be considered impermeable [de Marsily et al., 1977; Fetter 1980; Brace, 1980 Brace, , 1984 .
Indeed, Brace [ 1980 Brace [ , 1984 
Local and Regional Groundwater Flow
On Earth, the smallest and most dynamic element of a groundwater flow system is typically a shallow unconfined aquifer located within a small topographic basin. Because the aquifer is recharged by atmospheric precipitation, the water table generally conforms to the shape of the local terrain (Figure 10) 
Examples of Large-Scale Terrestrial Groundwater Flow Systems
In areas that experience frequent precipitation, both the shape of the water table and the direction of groundwater flow are strongly influenced by the local topography, making any evidence of regional or interbasin flow difficult to recognize. However, in arid regions, the long intervals between atmospheric recharge often provide sufficient time for the topographic influence on the shape of the water table to decay, making evidence of large-scale hydraulic continuity considerably easier to identify. For this reason, the best recognized examples of regional groundwater flow on Earth are all found in arid environments.
3.4.1. The Great Basin Carbonate Aquifer System, USA. Some of the very first evidence for interbasin groundwater flow came from Death Valley, California, where it was observed that the discharge of certain springs far exceeded that which could be explained by local recharge [Hunt and Robinson, 1960] . This discovery suggested that groundwater derived from the higher intermontane basins to the east was reaching Death Valley via an extensive network of interconnected fractures through a thick intervening formation of carbonate rock. Convincing support for this hypothesis came from the near identical chemical composition of spring water in Death Valley and that found -70 km to the east in the intermontane valley of Ash Meadows, Nevada.
The discovery of interbasin flow between Ash Meadows and Death Valley raised concern about the possibility of groundwater contamination from underground nuclear tests conducted at the nearby Nevada Test Site [Winograd, 1962] . Although the three large basins encompassed by the Test Site are topographically isolated, the well water levels in all three are essentially identical, a result that argues strongly for hydraulic interconnection. Shortly after this discovery, another regional groundwater system was discovered to the east of the Test Site that linked 13 intermontane valleys into a regional flow system measuring roughly 385 by 115 km [Eakin, 1966] 3.4.2 The Great Artesian Basin, Australia. The Great Artesian Basin underlies -1.7 x 106 km 2 of the eastern half of Australia, an arid to semi-arid region that represents over onefifth the land area of the entire continent [Habermehl, 1980] . Structurally, the basin is a bowl-shaped depression that contains up to 3 km of sedimentary deposits. These deposits form a multilayer confined aquifer system consisting of sandstone aquifers sandwiched between less permeable layers of siltstone and mudstone [Habermehl, 1980; Cathles, 1990 ].
The basin is recharged along its eastern margin by precipitation on the elevated slopes of the Great Dividing Range. Discharge by natural springs occurs primarily in a region 900 km to the southwest, in the vicinity of Lake Eyre [Habermehl, 1980] From a human and agricultural resource perspective, the Nubian Aquifer is generally considered hydraulically isolated; however, them is considerable evidence of hydraulic continuity far beyond the system's recognized boundaries. For example, the northern limit of the aquifer is usually defined by the location of the saline-fresh water interface that occurs up to several hundred kilometers inland from the Mediterranean Sea [Sham, 1982; Thorweihe, 1986] . Although the location of this chemical transition is important in the context of water quality, it has no beating on the extent of hydraulic continuity. Indeed, exploration wells in northern Egypt have established that the Nubian sandstone persists and deepens as it extends northward beneath the Mediterranean's southern shore [Shata, 1982; Thorweihe, 1986 In summary, the distribution and flow of groundwater on Earth exhibits several characteristics that are of potential importance in understanding the subsurface hydrology of Mars. First, given a global inventory of H20 that exceeds the pore volume of the cryosphere by as little as a few percent, groundwater is likely to be found virtually everywhere beneath the Martian surface. Second, as on Earth, it is likely that such groundwater will persist and circulate to depths far in excess of the 10 km selfcompaction depth assumed in this study. Third, in the absence of atmospheric precipitation, the hydraulic boundaries of a groundwater system on Mars will be determined, not by the local topography or the presence of groundwater divides, but by the continuity of pore space beneath the water table. Fourth, given a km-scale permeability of the Martian crust no greater than that of the Earth (-10 -2 darcies), the extent of hydraulic continuity, and thus the potential areal extent of a Martian groundwater system, is essentially global. Table 6 , however, the sublimation of equatorial ground ice is just one of several potential processes that may have episodically introduced large volumes of water into the atmosphere.
THE STABILITY AND REPLENISHMENT OF EQUATORIAL H20

Other Crustal Sources of Atmospheric Water
Perhaps the clearest evidence that the crust has been a major source of atmospheric water are the outflow channels. The abrupt emergence of these features from regions of collapsed and disrupted terrain, suggests that they were formed by a massive and catastrophic release of groundwater [Sharp and Carr, 1979 Impacts into the Martian crust are another potential source of atmospheric water [Carr, 1984] . Assuming a representative cry- 
Evidence of Ground Ice Replenishment
Under the climatic conditions that have apparently prevailed 1986]. Yet, regardless of the actual process by which it may have occurred, consideration of the valley networks, outflow channels and the crustal mass balance of H20 argues strongly for some type of crustal resupply [Clifford, 1980b [Clifford, , 1984 Carr, 1984; Jakosky and Carr, 1985; Baker et al., 1991 ]. This conclusion is further supported by geomorphic evidence which suggests that, at least in some locations within the latitude band of +30 ø , ground ice has indeed been replenished.
Consider first the consequences of a major impact at equatorial latitudes. As noted by Allen [1979a] and Clifford and Johansen [1982] , the production of a crater many tens of kilometers in diameter should result in the excavation of any ground ice that existed, prior to the impact, within the region interior to the crater walls (Figure 15 ). While backfilling and melting of nearby ground ice may partially replenish some of the H20 lost near the crater periphery, it appears unlikely that its lifetime would be very long given the high temperature and porosity of the post-impact environment.
It is interesting to note, therefore, that within many large equatorial impact craters there exist clearly defined rampart craters [Allen, 1979a; Clifford and Johansen, 1982] . If the morphology of this type of crater does indeed arise from an impact into an ice-rich crust, then the occurrence of rampart craters within the interiors of numerous older impacts presents a problem, for it is difficult to conceive of a scenario by which any ground ice that existed prior to the original cratering event could have survived to produce the well-defined fluidized ejecta pattern often seen as the result of a second and sometimes third consecutive and concentric impact (Figure 16 ).
There are at least two explanations that may account for these observations. First, contrary to popular belief, rampart craters may not be specific indicators of ground ice. Experiments by Schultz [1992] and Schultz and Gault [ 1979, 1984] , 1982] , an observation that is difficult to reconcile with an atmospheric origin, but one that is fully compatible with an origin based on an impact into an ice-rich crust. If rampart crater ejecta morphology does indeed arise from an impact into a volatile-rich target, then perhaps the most reasonable explanation for the occurrence of rampart craters within the theoretically ice-free interiors of numerous older craters is that, at some time following the original loss of ground ice, it was replenished. Given our present understanding of Martian geology and climate history, it appears that such replenishment could have only occurred from sources of water residing deep within the crust.
Processes of Replenishment
It has been proposed that equatorial ground ice on Mars may be episodically or continuously replenished by water derived from a subpermafrost aquifer [Clifford, 1980a [Clifford, , 1984 . However, as illustrated in Figure 7 , the vertical distance separating the groundwater table from the base of the cryosphere may in some regions be many kilometers; thus, for replenishment to occur, some process for the vertical transport of H20 between a deeplying source region and the base of the cryosphere must exist. In this section, three possible mechanisms for this type of transport are considered. 4.4.1. Thermal vapor diffusion. Although less dramatic and energetic than the other two processes discussed in this section, perhaps the most important mechanism for the vertical transport of H20 in the Martian crust has been the process of thermal vapor diffusion [Clifford, 1980a; . Clearly, given the existence of a water-rich crust, the presence of a geothermal temperature gradient will give rise to a corresponding vapor pressure gradient. As a result of this pressure difference, water vapor will diffuse from the higher temperature (high vapor pressure) depths to the colder (lower vapor pressure) near-surface regolith.
It has been known for over 75 years that vapor transport in excess of that predicted by Fick's law will occur in a moist porous medium under the influence of a temperature gradient [Bouyoucos, 1915] . More recently, Philip and deVries [1957] and Cary [1963] have proposed two different but widely used models for calculating the magnitude of this type of thermally driven vapor transfer. The Philip and deVries [1957] approach is based on a mechanistic description of the transport process. They suggest that the exchange of water vapor in an unsaturated soil occurs between numerous small "islands" of liquid that exist at the con-tact points of neighboring particles. The existence of a temperature gradient causes water from the warmer liquid islands to evaporate, diffuse across the intervening pore space, and condense on the cooler liquid islands at the opposite end of the pore. The statistical data on the crater size-frequency distribution of the martian highlands is taken from Barlow [ 1990] . The data have been binned and analyzed using the relative (R plot) procedure recommended by the Crater Analysis Techniques Working Group [1978] . The R plot technique highlights any deviation from a power law distribution function by presenting the crater size-frequency data in differential form (where log R is plotted against log Dmean). R -- Given a global crater size-frequency distribution equivalent to that preserved in the cratered highlands (e.g., Barlow [1990] In contrast, when water is supplied to the cryosphere from below, the processes of thermal vapor diffusion, thermal liquid transport, and regelation, will permit its eventual redistribution throughout the frozen crust. This fact has a number of important consequences. For example, should an ice-rich region be buried by lavas, sediments, or some other type of deposit, the resulting increase in insulation provided by the depositional layer will cause local crustal temperatures to rise, permitting the buried ground ice to be thermally redistributed into the overlying mantle.
The ability of H20 to thermally migrate through the cryosphere also has implications for the sublimation of equatorial ground ice. As the sublimation front propagates deeper into the crust (e.g., Figure 14) , it may ultimately reach a depth where the diffusive loss of ground ice is exactly balanced by the upward thermal migration of H20 through the cryosphere, a condition that could significantly limit the depth of equatorial desiccation predicted by current models [Clifford and Hillel, 1983; Fanale et al., 1986]. Unfortunately, the processes governing the transport of H20, both to and from the sublimation front, are sufficiently complex that calculating a specific depth at which this equilibrium condition is reached is virtually impossible without a more detailed knowledge of a number of crustal parameters (e.g., lithology, porosity, pore size, specific surface area, heat flow, and salt content).
In summary, various lines of evidence suggest that, over the course of Martian geologic history, at least four processes have introduced substantial amounts of water into the atmosphere, these include: the sublimation of equatorial ground ice, catastrophic floods, impacts, and volcanism. Under the climatic conditions that have apparently prevailed on Mars throughout its history, the atmospheric loss of this H20 from equatorial and 
POLAR DEPOSITION, BASAL MELTING, AND THE PHYSICAL REQUIREMENTS FOR POLE-TO-EQUATOR GROUNDWATER FLOW
With mean annual temperatures that are -40 K below the atmospheric frost point of water vapor, the Martian polar regions represent the dominant thermodynamic sink for H20 on the planet. As a result, any water that is introduced into the atmosphere, above its normal saturation level, is eventually coldtrapped at the poles. Pollack et al. [1979] have suggested that this process of polar deposition is intimately tied to the fate of atmospheric dust and the formation of the seasonal polar caps. They propose that airborne dust particles, raised by local and global dust storms, may serve as nucleation centers for the condensation of water ice. As either hemisphere enters the fall season, the suspended dust particles receive an additional coating of CO 2 that makes them heavy enough to precipitate from the atmosphere, contributing to the formation of the seasonal caps. In the spring the CO 2 sublimes away; however, at high latitudes it leaves behind a residual deposit of H20 ice and dust that adds to In this section, the effect of polar deposition on the thermal evolution of the cryosphere and polar caps is considered. Given an initially ice-saturated condition, the deposition of ice and dust at polar latitudes will result in a situation where the equilibrium depth to the melting isotherm has been exceeded, melting ice at the base of the cryosphere until thermodynamic equilibrium is once again established. The drainage of the resulting meltwater into the underlying global aquifer will then cause the local water table to rise in response, creating a gradient in hydraulic head that will drive the flow of groundwater away from the poles. In the discussion which follows, the process of basal melting, the rise of the polar water table, and the physical requirements for pole-to-equator groundwater flow are analyzed in detail.
Polar Basal Melting
In studies of terrestrial glaciers, the term "basal melting" is used to describe any situation where the local geothermal heat flux, as well as any frictional heat produced by glacial sliding, is sufficient to raise the temperature at the base of an ice sheet to its melting point. In this regard, the process is always discussed with reference to the interface between an ice sheet and the bed on which it rests. However, as discussed by Clifford [1980b Clifford [ , 1987b and as illustrated in Figure 21 , it appears appropriate to broaden the use of this term as it applies to Mars.
Figure 21a is an idealized cross section of the Martian polar crust prior to the deposition of any dust or ice. Given a cryosphere that is initially saturated with ice, the deposition of any material at the surface will result in a situation where the equilibrium depth to the melting isotherm has been exceeded (Figure 2lb) . In response to this added layer of insulation, the position of the melting isotherm will rise in the crust until thermal equilibrium is once again established. Thus, while melting will not occur at the actual base of the polar deposits, it will occur at the base of the cryosphere in response to any increase in polar deposit thickness. Should deposition persist, the polar deposits may eventually reach the thickness necessary for melting to occur at their physical base (Figure 21c) [Clifford, 1980b [Clifford, , 1987b . Under such conditions, the deposits may then reach a state of equilibrium, whereby the deposition of any additional ice at the surface is offset by the melting of an equivalent layer at the base of the cap. Since this last stage is merely the endpoint in the evolution of a single continuous process, the use of the term "basal melting" is broadened here to include any situation where pore or glacial ice is melted as the result of a rise in the position of the melting isotherm, regardless of whether such melting oc- Additional information about these mixtures is presented under the "frozen soil" heading of Table 9 Table 9 . In the south, the deposits appear sufficiently thin that any melting is likely to be relegated to a depth that lies well below the regolith-polar cap interface. Of course, given the higher geothermal heat flow that likely characterized the planet's early history, the conditions for basal melting (at both poles) were almost certainly more favorable in the past. However, even under current conditions, given an initially icesaturated regolith, melting at the base of the cryosphere (Figure 21 b) [Clifford, 1987b] . Additional informarion is presented in Table 2. where Lfis the latent heat of fusion and At is the elapsed time.
The thermal conductivity of the Martian polar deposits is determined by such factors as the volumetric mixing ratios of ice and dust, their spatial variability, temperature-dependent thermal
Thus, a geothermal heat flux of 30 mW m -2 has the potential for melting as much as 3 x 10 -3 m of ice from beneath the polar caps gradient in hydraulic head created by the presence of the mound will then drive the flow of groundwater away from the poles. The two principle factors that will govern the magnitude of this transø port are the size of the groundwater mound and the effective permeability of the crust. In the following discussion, the relative importance of these factors is assessed through the use of well established terrestrial hydrogeologic models.
Growth of a Polar Groundwater Mound
The development of a groundwater mound in response to polar basal melting is analogous to a problem frequently studied on Earth: the artificial recharge of an aquifer beneath a circular spreading basin [Hantush, 1967; Marino, 1975; Schmidtke et al., 1982] . To obtain an analytical expression for the growth of a groundwater mound beneath a recharging source, a number of simplifying assumptions must be made, i.e., (1) the aquifer is homogeneous, isotropic, infinite in areal extent, and rests upon an impermeable horizontal base; (2) the hydraulic properties of the aquifer are invariant in both space and time; and (3) the constant downward percolation of water proceeds at a rate which is sufficiently small (compared to the aquifer permeability) that the influx is almost completely refracted in the direction of the local slope of the water table when it reaches the mound [Hantush, 1967; Marino, 1975 Of course, when the radial discharge of the mound finally balances the vertical recharge, a steady state condition is reached. The permeability requirements necessary to support such steady state flow are discussed in the following section.
The Effect of Crustal Permeability on Pole-to-Equator
Groundwater Flow
Given the presence of a global interconnected groundwater system on Mars, the development of a groundwater mound in response to polar basal melting will create a gradient in hydraulic head that will drive the flow of groundwater away from the pole. The effect of crustal permeability on the magnitude of this flow can be readily assessed on the basis of established models of unconfined and confined steady state well flow. In this analysis, the well radius, a, is equivalent to the radius of the recharge (or basal melting) area discussed in the previous analysis; while, as before, the groundwater mound height is taken to be the difference between the maximum and minimum hydraulic heads Of course, the possibility exists that, in an initially unconfined aquifer, a polar groundwater mound could grow to the point of contact with the base of the caps; in this event, the aquifer will undergo a transition between confined conditions at the poles to unconfined conditions closer to the equator. It is also possible that the polar aquifer has been confined from the very outset of basal melting (i.e., see Figure 7 ). Given either case, the solution presented in equation (27) 
The Large-Scale Permeability of the Martian Crust
The significance of the steady state permeabilities presented in Table 11 can be placed in perspective by comparing them with the crustal values assumed by Carr [1979] in his discussion of the origin of the outflow channels. Based on both the size of the channels and the assumption that each was formed by a single catastrophic event, Carr [1979] calculated that discharges of -107 to 5 x 108 m 3 s -! were necessary to produce the observed erosion. To achieve rates this high requires large-scale permeabilities on the order of 103 darcies, permeabilities that Carr 
11,002 CIJFFORD: HYDROLOGIC AND CLIMATIC BEHAVIOR OF WATER ON MARS
Based on gravity studies of terrestrial and lunar impact craters, and borehole observations of terrestrial impact and explosion craters, they suggest that porosities as high as 20% may characterize the Martian fractured basement. They further suggest that much of this impact-generated porosity may occur as open planar fractures having widths of 1-5 mm and associated permeabilities as great as 104 darcies.
Although local permeabilities as high as 10 3 darcies undoubtedly occur on Mars, on a globally averaged basis, an effective permeability this large seems difficult to reconcile with the five order-of-magnitude smaller value inferred for the near surface of the Earth [Brace, 1980 [Brace, , 1984 . Therefore, given the general importance of this parameter to understanding the subsurface hydrology of Mars, just how reliable are these higher estimates? As noted by Carr [1979] , much of the need to invoke high discharge rates (and thus high permeabilities) to account for the origin of the outflow channels is based on the assumption that each channel was carved by a single catastrophic event. However, if the channels were created by multiple episodes of outbreak and erosion, or by continuous shallow flows acting over a prolonged period of time, then the need for high crustal permeabilities is significantly reduced.
Similar qualifications apply to the high permeabilities inferred by MacKinnon and Tanaka [1989] . The validity of their analysis rests on two key assumptions: (1) that the gravity anomalies associated with terrestrial and lunar craters are almost exclusively due to an increase in the fracture porosity of the surrounding basement, and (2) that the geometry of these fractures is both open and planar. As discussed below, there are good reasons to question both assumptions.
First, contrary to the assertion by MacKinnon and Tanaka [1989] , the largest contributor to the gravity anomalies recorded over terrestrial and lunar craters is not the fracture porosity of the surrounding basement, but the increase in porosity associated with the breccia lens at the bottom of the crater [Dvorak and Phillips, 1978] . As discussed by Shoemaker [ 1963] , Short [ 1970] , and Grieve and Garyin [1984] , the breccia lens consists of country rock that is pulverized along the wall of the transient cavity and then slumps to the bottom later in the cratering event. As such, its lithology consists of boulder-sized fragments imbedded in a substantial matrix of more finely divided debris. The hydrologic properties of such a mix are more closely related to those of a low-permeability glacial till than to a regular network of open planar fractures. Second, shock waves generated by subsequent impacts will help to eliminate any sizable openings in the fractured basement by both shifting and compacting the overlying debris (i.e., see Figure 1 ) and by rupturing additional material off the fracture walls as the shock waves are reflected along the fracture boundaries [Short, 1970] .
Finally, as noted in section 2.1, the presence of groundwater can also contribute to a significant reduction in crustal porosity and permeability. On Earth, groundwater that resides in the crust for millions of years generally evolves into a highly mineralized brine consisting of a saturated mixture of chlorides, carbonates, sulfates, silica, and a variety of other dissolved species [White, 1957] . On Mars, this geochemical evolution will likely be accelerated by the influx of minerals leached from the crust by lowtemperature hydrothermal circulation (see section 4.4.1 and Figure 18) . The convective cycling of 102-103 km of water (per unit area) between the water table and the base of the cryosphere will deplete the intervening crust of any easily dissolved substances, concentrating many of them in the underlying groundwater to levels far in excess of their respective saturation points. The resulting precipitation of these minerals beneath the water table should lead to widespread diagenesis and to the development of a distinct geochemical horizon within the crust [Soderblom and Wenner, 1978] . Where exposed by subsequent faulting or erosion, this horizon should appear as a relatively competent layer whose upper boundary conforms to a surface of constant geopotential. Although not diagnostically unique, such an observation is consistent with mineral deposition in an unconfined aquifer in hydrostatic equilibrium.
In summary, although previous estimates of the large-scale permeability of the Martian crust have run as high as 103 darcies, consideration of the mean permeability of the Earth's crust [Brace, 1980 [Brace, , 1984 , and the potential for extensive diagenesis, suggests that a more reasonable value may be 3-5 orders of magnitude smaller. As discussed in section 5.3, even permeabilities this low will permit the pole-to-equator transport of a significant volume of groundwater (• 108 km 3) over the planet's history. It should be noted, however, that even if only a few percent of the Martian crust possesses permeabilities as high as those estimated by Carr [1979] and MacKinnon and Tanaka [1989] , the potential for pole-to-equator groundwater flow will be vastly increased.
TH• EARLY EVOLUTION OF THE MARTIAN HYDROSPHERE AND CLIMATE
The way in which the Martian crust was initially charged with H20 is critically dependent on the nature of the planet's early climate. Was Mars was warm and wet, as suggested by the valley networks? Or has it always resembled the frozen state we observe today? And, finally, if the climate did start warm, how was the planet's hydrologic cycle affected by the onset of colder temperatures? These, and several related questions about the development of the early hydrosphere and climate, are addressed in the following discussion.
The Evolution of the Early Martian Climate and the
Initial Emplacement of Crustal t120
Given the geomorphic evidence for the widespread occurrence of water and ice in the early crust, and the difficulty involved in accounting for this distribution given the present climate, it has been suggested that the Martian climate was originally more Of course, if the early climate was similar to the present one, why are the valley networks found almost exclusively in the ancient cratered highlands? As discussed in section 4.4, the association of most small valleys with the rims of large craters suggests a genetic relationship, whereby the melt generated by large impacts resulted in the formation of local hydrothermal systems whose discharge then formed the valleys [Newsom, 1980; Brakenridge et al., 1985] . Because only large impacts may have produced sufficient melt to establish the necessary hydrothermal activity, the decline in valley network formation might then simply reflect the early decline in the number of large impactors.
However, while groundwater sapping may successfully explain the origin of the small valleys, it fails to address how the crust was initially charged with H20. Indeed, even advocates of the sapping hypothesis sometimes sidestep this issue by suggesting that the groundwater involved in the formation of the networks was eraplaced during a period of precipitation that occurred so early that no physical record of that period remains [Pieri, 1979 [Pieri, , 1980 . Although it is possible that evidence of an ancient period of global precipitation has been lost by erosion and resurfacing, it seems equally reasonable .to take this lack of evidence at face value and consider the poss!bility that such an episode may never hav. e occurred. In this regard, $oderblom and Wenner [1978] suggest that the emplacement of crustal H20 was the result of the direct injection and migration of juvenile water derived from the planet's interior. There are at least two ways in which this emplacement may have occurred. First, by the process of thermal vapor diffusion, water exsolved from cooling magmas will migrate from warmer to colder regions of the crust. As a result, any part of the cryosphere that overlies or surrounds an area of magmatic activity, will quickly become saturated with ice. The introduction of any additional water will then result in its accumulation as a liquid beneath the cryosphere, where, under the influence of the growing local hydraulic head, it will spread laterally in an effort to reach hydrostatic equilibrium.
However, the fate of water released to the cold Martian atmosphere is significantly different. The rapid injection of a large quantity of vapor into the atmosphere (e.g., by volcanism) will lead to its condensation as ice on, or within, the surrounding near-surface regolith. As the available pore space in the upper few meters of the regolith is saturated with ice, it will effectively seal off and eliminate any deeper region of the crust as an area of potential storage. From that point on, any excess water vapor that is introduced into the atmosphere will be restricted to condensation and insolation-driven redistribution on the surface until it is eventually cold-trapped at the poles.
Should the deposition of ice at the poles continue, it will ultimately lead to basal melting, recycling water back into the crust beneath the caps. As the meltwater accumulates beneath the polar cryosphere, it will create a gradient in hydraulic head that will drive the flow of groundwater away from the poles. As the flow expands radially outwards, it will pass beneath regions where, as a result of vapor condensation from the atmosphere, only the top few meters of the cryosphere have been saturated with ice. As before, the presence of a geothermal gradient will then lead to the vertical redistribution of H20 from the underlying groundwater to the cryosphere until its pore volume is saturated throughout (see section 4.5). In this way, and by these processes, the early crust may have been globally charged with water and ice without the need to invoke an early period of atmospheric precipitation.
The Hydrologic Response of Mars to the Thermal Evolution of lts Early Crust
Although unambiguous evidence that Mars once possessed a warmer, wetter climate is lacking, a study of the transition from such conditions to the present climate can benefit our understanding of both the early development of the cryosphere and the various ways in which the current subsurface hydrology of Mars is likely to differ from that of the Earth. Viewed from this perspective, the early hydrologic evolution of Mars is essentially identical to considering the hydrologic response of the Earth to the onset of a global subfreezing climate.
If the valley networks did result from an early period of atmospheric precipitation, then Mars must have once possessed near-surface groundwater flow systems similar to those currently found on Earth, where, as a consequence of atmospheric recharge, the water table conformed to the shape of the local terrain (Figure 30a ). However, with both the transition to a colder From a mass balance perspective, the thermal evolution of the early crust effectively divided the subsurface inventory of water into two reservoirs: (1) a slowly thickening zone of near-surface ground ice and (2) a deeper region of subpermafrost groundwater [Carr, 1979] . Regardless of how rapid the transition to a colder climate actually was, the cryosphere has continued to thicken as the geothermal output from the planet's interior has gradually declined. One possible consequence of this evolution is that, if the planet's initial inventory of outgassed water was small, the cryosphere may have eventually grown to the point where all of the available H20 was taken up as ground ice [Soderblom and Wenner, 1978] . Alternatively, if the inventory of H20 exceeds the current pore volume of the cryosphere, then Mars has always had extensive bodies of subpermafrost groundwater.
Because the pore volume of the cryosphere was likely saturated with ice throughout its early development, the thermally driven vapor flux arising from the reservoir of underlying groundwater could have led to the formation and maintenance of nearsurface perched aquifers, fed by the downward percolation of condensed vapor from the higher and cooler regions of the crust (Figure 32 ). Eventually the hydrostatic pressure exerted by the accumulated water may have been sufficient to disrupt the overlying ground ice, allowing the stored volume to discharge onto the surface. Such a scenario may have been repeated hundreds of times during the planet's first half-billion years of geologic history, possibly explaining (in combination with local hydrothermal systems driven by impact melt [Newsom, 1980] and volcanism [Gulick, 1991] ) how some valley networks may have evolved in the absence of atmospheric precipitation [Pieri, 1979 [Pieri, , 1980 Carr, 1983] . However, as the internal heat flow of the planet continued to decline, the thickness of the cryosphere may have grown to the point where it could no longer be disrupted by the limited hydrostatic pressure that could develop in a perched aquifer, thus terminating the potential contribution of low-temperature hydrothermal convection to valley network formation.
Finally, the postcryosphere groundwater hydrology of Mars will differ from its possible precryosphere predecessor (and therefore from present-day terrestrial groundwater systems) in at least one other important way. In contrast to the local dynamic cycling of near-surface groundwater that may have characterized the first half-billion years of Martian climate history (e.g., Figures 11 and 30a) , the postcryosphere period will necessarily be dominated by deeper, slower interbasin flow (e.g., Figure 30c ). Aside from polar basal melting, there are at least three other processes that are likely to drive flow under these conditions, they are (1) tectonic uplift (essentially the same mechanism proposed by Carr [1979] to explain the origin of the outflow channels east of Tharsis), (2) gravitational compaction of aquifer pore space (perhaps aided by the accumulation of thick layers of sediment and basalt on the surface), and (3) regional-scale hydrothermal convection (e.g., associated with major volcanic centers such as Tharsis and Elysium). Note that, with the exception of active geothermal areas, the flow velocities associated with these processes are likely to be orders of magnitude smaller than those that characterize precipitation-driven systems on Earth.
FURTHER CONSIDERATIONS
A unique feature of the hydrologic model presented in this paper is that, with regard to the transfer of H20 between its longterm sources and sinks, it is essentially a closed loop (Figure 33 ). That is, given an inventory of outgassed water that is sufficient to both saturate the pore volume of the cryosphere and form a subpermafrost groundwater system of global extent, the loss of crustal water from any region on the planet is ultimately balanced by surface deposition, basal melting, and subsurface replenishment. The importance of this argument to the recharge of the valley networks and outflow channels is that, rather than drawing on small, isolated, and rapidly depleted local sources of groundwater, these features may have tapped an enormously larger and self-replenishing global reservoir, whereby any water that was discharged to the surface was eventually balanced by the introduction of an equivalent amount back into the aquifer through the process basal melting.
Yet, because neither the likely extent of hydraulic continuity within the crust nor the potential role of basal melting are widely recognized, most investigators have attempted to address the problem of local groundwater depletion by invoking local mechanisms of resupply. The common problem with such mechanisms is that once groundwater has been discharged to the surface, it is unable to infiltrate back through the frozen crust to replenish the system from which it was initially withdrawn. In support of this conclusion recall that under current climatic conditions, the thickness of the cryosphere, even at the equator, is likely to exceed 2 km (section 2.2). Further, a necessary prerequisite for the widespread occurrence of groundwater is that the thermodynamic sink represented by the cryosphere must already be saturated with ice. Thus, the cryosphere acts as an impermeable self-sealing barrier that effectively precludes the local resupply of subpermafrost groundwater either by the infiltration of water discharged by catastrophic floods, or by atmospheric precipitation on some highland source region. Note that the problem of local infiltration and subsurface replenishment is not significantly improved even if the cryosphere is initially dry, for as water attempts to infiltrate the cold, dry crust, it will quickly freeze, creating a seal that prevents any further infiltration from the ponded water above. A similar conclusion is reached regarding the repeated occurrence of catastrophic floods. As discussed by Carr [1979] , one consequence of the tectonic uplift of Tharsis is that it may have placed the frozen crust in the lower elevations around Chryse Planitia under a substantial hydraulic head, leading to its eventual failure and the catastrophic release of groundwater onto the surface. However, as the discharge continued, the local hydraulic head eventually declined to the point where the water-saturated crust was able to refreeze at the point of breakout, ultimately reestablishing the original ground ice thickness. The water released by such events may have formed temporary lakes or seas that eventually froze and sublimed away, with the resulting vapor ultimately cold-trapped at the poles. Such a process may well explain the origin of the large polar ice sheets inferred by both Allen [ 1979a] and Baker et al. [ 1991 ] . The identification of possible eskers near the south polar cap [Carr et al., 1980; Howard, 1981; Kargel and Strom, 1992 ] is also consistent with this interpretation and with the subsequent reassimilation of the water into the crust through the process of basal melting.
However, basal melting is not necessarily restricted to just the poles. As discussed by Clifford [1987b] , wherever the deposition and long-term retention of material occurs at the surface, the added insulation will result in the upward displacement of the melting isotherm at the base of the cryosphere until thermal equilibrium is reestablished. Thus, if the frozen lakes or seas that were formed by the discharge of the outflow channels persisted for more than 105-106 years, the local groundwater system may have been indirectly replenished by the onset of melting at the base of the cryosphem. It is likely, however, that this replenishment was only temporary. For with the eventual sublimation of the frozen lakes or seas on the surface, the melting isotherm should have returned to its original location, creating a cold-trap at the base of the cryosphem for any vapor or liquid supplied by the groundwater below (section 4.4.1). In this way, any water that was temporarily liberated from the cryosphem by basal melting, was eventually reassimilated into the frozen crust.
Note that nothing in this proposed cycle is precluded by the current climate. Indeed, given the continued uplift of Tharsis and the probable occurrence of other crustal disturbances (such as earthquakes, impacts, and volcanic eruptions), failures of the cryosphem's hydraulic seal were undoubtedly common. This suggests that the cycling of water by catastrophic floods, surface deposition, basal melting, and groundwater recharge, may have been repeated many times throughout geologic history, without the need to invoke any special conditions regarding either the geology or climate of Mars. [1982, 1986] suggest that conditions conducive to polar deposition are not unique to the present climate but are characteristic of the planet over a broad range of likely obliquities and orbital variations. Therefore, because the polar regions represent the planet's dominant thermodynamic sink for H20, any crustal water released to the atmosphere should ultimately be cold trapped at the poles.
The Polar Mass Balance and High
Considering only those sources of water for which there is both unambiguous evidence and a reliable estimate of their minimum volumetric contribution (i.e., volcanism and catastrophic floods), we find that the minimum inventory of H20 that should have accumulated at the poles over geologic time is equivalent to ation, and the fact that the polar regions am the planet's dominant sink for H20, how does one account for both the youthfulness of the present deposits and the apparent deficit of older material at the poles?
Clearly one possibility is that the estimated volume of water supplied to the poles by various crustal sources is wrong, and that all of the water ever released to the atmosphere is now stored in the polar ice. In that event, the apparent youthfulness of the current deposits might be explained by the simple racycling of old polar laminae into new [Toon et al., 1980] . This possibility is raised by current models of the evolution of the polar troughs [Howard, 1978; Howard et al., 1982] . These features, which form the conspicuous spiral patterns visible in the remnant caps, are thought to originate near the edge of the deposits and then migrate, through the preferential sublimation of ice from their equatorward facing slopes, toward the pole. Dust, liberated from the ice, may then be scavenged by the polar winds and redistributed over the planet, while the sublimed ice may simply be recycled by cold trapping on the poleward facing slopes and on the flats that separate the troughs. By these processes, Toon et al. [1980] suggest that the polar deposits have reached a state of equilibrium whereby ancient (•109 year old) polar material is continually mworked, maintaining a comparatively youthful surficial appearance in spite of its great age.
Although it is possible that the volume of water supplied to the poles by various crustal sources is significantly less than current estimates, such a conclusion is inconsistent with both our present understanding of the processes that have affected the (Table 6 ), a volume roughly 2-5 times . obliquity during a given cycle is brief (,--10 4 years), the resultgreater than that observed in the residual caps. Given more reasonable estimates of channel discharge, as well as the volumes of water contributed by the valley networks, impacts, and the sublimation of equatorial ground ice, the disparity between the expected and observed polar inventories increases by over an order of magnitude. Although the water lost by atmospheric escape (,*60 m, Jakosky [1990] ) and oxidation of the regolith (-*27 m, Owen et al. [1988] ) may explain some of this discrepancy, these loss mechanisms fall considerably short of resolving the imbalance for any reasonable estimate of total crustal discharge and expected polar inventory (Table 6 ). Given this situ- To summarize, it appears that any solution to the mass balance problem should (1) be consistent with theoretical models of the Martian climate, which indicate that a net depositional environment has existed at the poles throughout most of the planet's history [Fanale et al., 1982 As discussed by Clifford [1987b] , the process of basal melting appears to satisfy each of these requirements. Once the polar deposits have reached the required thickness for basal melting, they will have achieved a condition of relative equilibrium, whereby the accumulation of any H20 at the ice cap's surface will eventually be offset by melting at its base. Indeed, a geothermal heat flux of 30 mW m -2 K -1 could easily keep pace with an }t20 deposition rate as high as -*3 x 10 -3 m yr -l. Therefore the occurrence of basal melting is consistent with both the prediction of climate models [Fanale et al., 1982 ] and the observational evidence [Howard et al., 1982] , indicating that a long-term net depositional environment has existed at the poles.
QUALIFICATIONS AND POTENTIAL TESTS
A model of any natural process is necessarily a compromise between the desire to consider all first-order effects, and the practical reality that it must be simple enough to be readily communicated and understood. Unfortunately, the inherent complexity of real world systems is often poorly represented when described in such general terms. With regard to the hydrologic and climatic behavior of water on Mars, the transport of H20 through the atmosphere, over the surface, and beneath the ground, involves numerous individual processes, each of which may be significantly affected by natural variations in the local or global environment. Spatial variations, like local changes in the thermophysical properties of the crust, are perhaps the best understood and easiest to model. While characteristics like porosity, permeability and heat flow, may change appreciably from one location to another, this variation is likely to occur within a fairly well-defined range of limits based on our knowledge of the geology of the Earth and Moon, and what we have deduced about Mars from spacecraft investigations of its surface. Temporal changes are another matter. Some, like the decline in the planet's internal heat flow or the rise in solar luminosity, are evolutionary and, therefore, at least somewhat predictable. The occurrence of others, such as a major impact, the catastrophic discharge of an outflow channel, or the long-term chaotic evolution of the Martian obliquity and orbital elements, completely defy prediction, yet their impact on the local or global environment may, at times, completely overwhelm all other effects. It is the synergistic interaction of these various elements that has governed the hydrologic and climatic behavior of water on Mars.
Clearly, given this many free parameters, the number of possible permutations of events and conditions that may have affected the Martian climate is virtually endless. One example is the evidence for polar wandering presented by Schultz and Lutz [1988] . As has been stated many times in this analysis, given our present understanding of Martian climatic history, a net longterm loss of H20 from the equatorial crust to the atmosphere appears irreversible. This conclusion assumes, however, that the geographic location of the p!anet's spin axis has remained fixed with time, an assumption that Schultz and Lutz [1988] have vigorously challenged. Perhaps the most persuasive evidence for polar wandering comes from the identification of several extensive antipodal layered deposits near the equator that possess a number of striking morphologic similarities to the polar layered terrains. To account for these features, Schultz and Lutz [1988] have proposed that over a time scale of several billion years, the crust of Mars has undergone a major reorientation in relation to its spin axis. They attribute this movement to changes in the planet's moment of inertia caused by the formation of Tharsis. While the actual dynamics necessary to produce this shift are presently unclear, the slow migration of the geographic location of the poles provides a mechanism for moving the planet's cold trap and atmospherically replenishing subsurface H20 on a global scale.
It is important to note, however, that while polar wandering [Schultz and Lutz, 1988] , massive polar erosion at high obliquities [Jakosky and Carr, 1985] , and recent transient global warming [Baker et al., 1991] , may all have occurred, none of these scenarios is required to explain any aspect of the hydrologic evolution of a water-rich Mars that cannot already be satisfactorily explained under the physical and climatic conditions we observe on the planet today. This conclusion is based on only two assumptions: (1) that the physical properties of the Martian crust, including porosity, permeability, and crustal thermal conductivity, are no different then those which characterize the Earth and Moon, and (2) that Mars possesses an inventory of water that exceeds the pore volume of the cryosphere by as little as a few percent. Given these conditions, basic physics dictates that the processes of surface deposition, basal melting, groundwater flow, and the thermal transport of H20, will thermodynamically and hydraulically link the atmospheric, surface, and subsurface reservoirs of water on Mars into a single self-compensating system.
Although unequivocal evidence of a planetary-scale groundwater system is currently lacking, its existence is consistent with the calculations presented in section 2 and with the geomorphic evidence that Mars possesses an inventory of water equivalent to a global ocean 0.5-1 km deep [Carr, 1987] . More direct evidence that such a system has existed throughout much of Martian geologic history is provided by the timing and thermodynamic implications of the outflow channels. As discussed in section 2.3, a prior condition for the existence of any large volume of groundwater is that the pore volume of the cold-trap represented by the cryosphere must first be saturated with ice. This conclusion follows from the fact that, given an available reservoir of water at depth, thermal processes will supply enough H20 to saturate the cryosphere in less than 107 years (sections 4.4.1 and 4.5). Since the youngest outflow channels may be less than 1 billion years old [Tanaka, 1986 While theoretical arguments for a planetary-scale groundwater system based on the thermodynamic significance of the outflow channels are interesting, they fall short of an actual proof. Unfortunately, at present, the channels are the best evidence that we have. However, as the exploration of Mars continues, there will be opportunities for more direct investigations of the subsurface that should resolve this issue conclusively. While prospects for a Mars Deep Drilling Project are likely to remain dim for the foreseeable future, at least two other geophysical methods, active seismic exploration [Tittmann, 1979; Zykov et al., 1988] 5. At equatorial and temperate latitudes, the presence of a geothermal gradient will result in a net discharge of the groundwater system as vapor is thermally pumped from the warmer (higher vapor pressure) depths to the colder (lower vapor pressure) near-surface crust. By this process a gradient as small as 15 K km -I could drive the vertical transport of 1 km of water to the freezing front at the base of the cryosphere every 106-107 years, or the equivalent of a 102-103 km of water over the 4.5 billion year history of the planet. In this manner, much of the ground ice that has been lost from the crust may ultimately be replenished.
While particular aspects of the model presented in this paper may be debated (e.g., the actual porosity and permeability of the crust, the magnitude of polar deposition, etc.), the occurrence of subsurface transport on Mars is essentially contingent on a single factor: does the present planetary inventory of H20 exceed, by more than a few percent, the quantity of water required to saturate the pore volume of the cryosphere? If so, then basic physics suggests that the hydrologic model described here will naturally evolve. Given a geologically reasonable description of the crust, the quantity of H20 transported through the subsurface may then play an important role in the geomorphic evolution of the Martian surface and the long-term cycling of H20 between the atmosphere, polar caps, and near-surface crust.
